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THERMOCHEMICAL PROPERTIES OF C3 TO C5 UNSATURATED 
CARBONYL ALKENES: ENTHALPIES OF FORMATION, ENTROPY, HEAT 




α,β and α-γ unsaturated carbonyl compounds are important classes of carbonyl 
compounds with the general structure R-(O=C)-Cα=Cβ-R’ and R-(O=Cγ)-Cβ-Cα=Cβ-R’. 
These compounds are utilized in industry and are also produced as intermediates of 
hydrocarbon oxidation in chemistry of the atmosphere and in combustion. These 
unsaturated carbonyls are common environmental pollutants, are frequently associated 
with adverse effects, and are considered to play an important role in human cancer. Their 
stability, thermochemical properties are important to understanding their reaction paths in 
atmospheric, combustion and bio related environments. Enthalpy, entropy, and heat 
capacity of unsaturated alkene molecules, and radicals corresponding to hydrogen atom 
loss from the parent stable molecules are determined in this study. Structures and 
enthalpies of formation (ΔfHº298) are determined for series of unsaturated carbonyl 
hydrocarbons and their carbon centered radicals at B3LYP/6-31g(d,p), CBS-QB3 and 
M062X/6-31+G(d,p) theory levels by using the isodesmic reactions approach. Entropy(S°) 
and heat capacities (Cp(T)), and the contributions from vibrational, translational and 
external rotational are calculated using the rigid-rotor-harmonic oscillator approximation, 
based on the vibration frequencies and structures obtained from density functional studies. 
Potential barriers for internal rotors in each molecule are determined and used to 
calculate contributions to So and Cp(T) from the hindered rotors. ΔfHº298
 for unsaturated 
carbonyl alkenes are, CH2=CHCH=O, 16.89 kcal/mol, CH3CH=CHCH2CH=O (trans), 
 
 
27.41 kcal/mol, CH2=CHCH2CH=O, 19.91 kcal/mol. The trans conformation of 
CH3CH=CHCH2CH=O is more stable than cis form. For a C-H bond on allylic adjacent 
to carbonyl group, the allylic has resonance with the carbonyl group. Several bond 
enthalpies are quite different from that normally found on olefins, and carbonyls. The 
bond enthalpy for the secondary C-H bonds, adjacent to carbonyl group, are quite low: 
77.0 kcal/mol for CC=CC(-H)C=O and 77.8 kcal/mol for C=CC(-H)C=O. The C--H 
bond enthalpy at the position of secondary vinyl, adjacent to carbonyl group, C=C(-
H)C=O shows a value of 113.1 kcal/mol, which is about 5 kcal/mol higher than a normal 
secondary vinyl C--H bond. The C-H bond enthalpy of the primary vinyl of cdccdo is 
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CHAPTER 1  
INTRODUCTION 
 
α,β-unsaturated carbonyl compounds are an important class of carbonyl compounds with 
the general structure -(O=C)-Cα=Cβ-. The α,β-unsaturated carbonyl moiety is present in a 
large number of natural and synthetic products exhibiting a variety of biological 
properties.1 The epoxidation reactions of unsaturated carbonyl compounds are widely 
applied and highly valuable to industry in the synthesis of intermediates in pharmaceutical 
and fine chemicals. The very high value dictates the reason that the reactions of these 
species are widely studied with focus of improving their reaction selectivity, which in 
general is not high. Many research works have focused on their epoxidation reactions to 
improve and / or achieve selectivity.2  
These unsaturated carbonyl compounds are also used in as solvents including paint 
thinners and additives, nail polish removers,  food additives, disinfectants, and dental 
restorative materials. They are routinely observed in hydrocarbon analysis of air in 
tropospheric environments. They are also formed from oxidation of unsaturated 
hydrocarbons, for example, 1-butenal can be formed from reaction of butadiene with OH 
radical. 
CH2=CH-CH=CH2 + OH  =>  CH2=CH-CH•--CH2OH => CH2=CH-CH2-CHO + H (1) 
∆Hrxn = - 2 kcal/mol 
Chemo-selective hydrogenation of compounds containing both C=C and C=O 
groups is one of the most fundamental molecular transformations described in textbooks. 
Hydrogenation of C=C bond is relatively easier than hydrogenation of a C=O bond 
 
2 
because: (a) thermodynamics favors the hydrogenation of the olefin CH2=CH2 bond over 
that of the carbonyl bond CH2=O.
 
 CH2=CH2   + H2 = CH3CH3     ∆Hrxn = - 23 kcal / mol 
CH3CH=O + H2 = CH3CH2OH   ∆Hrxn = - 16 kcal/mol 
and  
CH3CH2CH=CH2 + H2 = CH3CH2CH2CH3   ∆Hrxn = - 30 kcal/mol 
CH3CH2CH2CH=O + H2 = CH3CH2CH2CH2OH   ∆Hrxn = - 16 kcal/mol 
(b)  Kinetic reactivity also favors reactivity of the olefin group, it is harder to react the 
carbonyl group because it the C=O π bond is ~ 20 kcal/mol stronger than the C=C π bond 
and of an olefin C=C; and it is harder to attack the carbonyl bond.3 
α,β-Unsaturated carbonyls also possess a more strongly polarized carbon -oxygen 
double bond due to the presence of an adjacent double bond between α carbons and β 
carbons. In these compounds the carbonyl group draws electrons away from the alkene, 
and is conjugated with an alkene, which makes it even more reactive than simple 
carbonyls. Unlike the case for simple carbonyls, α,β-unsaturated carbonyl compounds are 
often attacked by nucleophiles at the β carbon.  
R-C=C-C=O + :Nu- → R-C(-Nu)-C=C-O- 
Since α,β-unsaturated compounds are electrophiles, many of them are toxic, mutagenic and 
carcinogenic.  
For unsaturated carbonyls like butenal (CH2=CHCH2CHO) and 2-pentenal 
(CH3CH=CHCH2CHO) there is a sp2 CH2 group between the carbonyl and the olefin 
groups. These CH2 groups have weak C-H bond because of resulting resonance of the 
electron remaining on the carbon after loss of the H• atom with the olefin and with the 
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carbonyl. These weak C-H bonds are readily attached by radicals like OH and other species 
in the radical pool. Once these resonantly stabilized radicals are formed the radical site 
reactions with molecule oxygen O2 are slow, as the R-OO• bonding is not strong due to loss 
of resonance. 
An ultimate goal of this research is to study the reactions of these stabilized 
intermediates with O2; as these radicals are readily formed via in atmospheric and 
combustion processes are on a relative scale to other radicals they are stable or less reactive. 
They have longer lifetimes due to the stability from resonance and thus may have a 
significant presence in these chemical systems. 
Thermochemical parameters for only a few of these unsaturated carbonyl 
compounds have been reported in the literature. Enthalpy of formation, entropy, and bond 
of energy data for 2-propenal are reported by Li, Bear, Asatryan, da Silva4, Benson, Rutz, 
Bozzelli5, Alfassi, Golden6, and Goldsmith7. 2-propenal serves as a model compound for 
methacrolein (CH2=C(CH3)CH=O) and methyl vinyl ketone, (CH2=CHC(=O)CH3) 
because of its specific formation. Compare to 108 kcal/mol bond strength of 
CH2=C(-H)CH3, C=C-CH(-H)CH=O has bond strength of 77.8 kcal/mol as a result of 
conjugation of the odd carbon electron with the π bond systems of the carbonyl and / or the 
olefin. This is a very significant difference. 
The value of enthalpy of formation for 2-propenal ΔfH
o
298 = -16.5 ± 2.4 kcal/mol 
was reported by Li and Bear.4 In the earlier literature, Alfassi and Benson6 used group 
additivity to estimate ΔfH
o
298 = -17.7 kcal/mol; there is also a reference reported ΔfH
o
298 = 
-17.8 kcal/mol cited by Asatryan, da Silva and Bozzelli. It is apparent from surveys that the 
2-propenal enthalpy of formation likely lies in the range of -14.0 to -19.0 kcal/mol.4  
 
4 
A standard enthalpy, entropy for the radical CH2=CHC•O are 21.9 kcal/mol, 68.0 
cal/mol/K by Rutz, da Silva, and Bozzelli.5 An older value for the C-H bond enthalpy for 
this radicals is 87.1 ± 1.2 kcal/mol by Alfassi and Golden6 and in more recent literature by 
Goldsmith et al7, report a value of 23.2 kcal/mol for the enthalpy of formation. Goldsmith7 
also reports entropy and heat capacity for 2-propenal and all corresponding radical. 
In this study, the thermochemistry of three stable (parent) molecules and their 
allylic, carbonyl and vinylic carbon radicals are determined. Enthalpies of formation, C--H 
bond energies, entropy and heat capacity for parent molecules 2-propenal CH2=CHCH=O 
(cdccdo), 3-butental CH2=CHCH2CH=O (cdcccdo), 3-pentenal CH3CH=CHCH2CH=O 
(ccdcccdo), and their radicals are studied using several different methods in computational 
chemistry. Comparison of the thermochemical properties with literature values are 
presented and analyzed. This study also calculated the bond dissociation enthalpies of the 
allyl, carbonyl and vinyl C-H bonds, in order to evaluate if the levels of stabilization in 
corresponding radicals.  The thermochemical parameters are needed in order to evaluate, 
reaction paths and kinetic processes of parent molecules and radicals in atmospheric 
(troposphere) and in combustion environments. These values also provide a base for 
estimation of barriers for abstraction of the resulting resonantly stabilized C-H bond by 
radical specie.  Equilibria and energies for simple C-H and C-C bond dissociation reactions 




CHAPTER 2  
COMPUTATIONAL METHODS 
 
All structure and absolute energy (enthalpy) calculations are performed using the Gaussian 
09 program suites4 and  structures are drawn using the GaussView application.8 
Geometries for the parent molecules and radicals are initially calculated at the 
B3LYP/6-31G(d,p) level. There is a general consensus that B3LYP methods provide 
excellent low-cost performance for structure optimizations.8 The B3LYP/6-31G level of 
theory is indicated to be one of the most reliable computational methods for optimization 
geometries of small polar compounds as well as being widely used for the calculation of 
radical species. Optimized geometries, vibrational frequencies for molecules and related 
radical species are then calculated at B3LYP/6-31G level of the theory.9 To identify and 
verify the lowest energy conformation or each molecule and radical, potential energy 
curves for the internal rotation barriers at B3LYP/6-31G(d,p) level of theory are 
calculated. 
CBS-QB3 is a multilevel model that combines the results of several ab initio and 
density functional theory individual methods and empirical correction terms to predict 
molecular energies with high accuracy and relatively low computational cost.10 It is a 
complete basis set method that uses geometries and frequencies from the B3LYP, 
specifically B3LYP/6-31G(2d,d,p) level followed by single point energy calculations at 
the CCSD(T), MP4SDQ, and MP2 levels.11 The M062X functional is a high non-locality 
density functional theory with double amount of nonlocal exchange (2x).12 
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Isodesmic reactions are implemented to accurately calculate enthalpy of formation 
and bond enthalpies for parent molecules and stable species, using the enthalpies from 
B3LYP/6-31G(d,p), CBS-QB3 and then M062X/6-31+G(d,p) level. Isodesmic reactions 
are hypothetical reactions which incorporate similar bonding environments for both 
reactants and products that allows for cancellation of error associated with each method of 
analysis. 
The C-H bond enthalpies are derived using the bond cleavage reaction, 
R-H = R• + H• 
where R=H and R•  are both calculated and H atom uses the established standard enthalpy 
of 52.1 kcal/mol. 
Contributions to the entropy and the heat capacity from translation, vibrations and 
external rotation, optical isomers, and symmetry are calculated using the “SMCPS” 
program.13 Contributions from hindered internal rotors to S° and Cp(T) are determined 
using “VIBIR” program.14 The VIBIR program utilizes the method of Pitzer and Gwinn. In 
the theory, there is no adjustment for coupling of internal rotor motion with vibration; the 
rotational groups are assumed symmetrical which is accurate for the primary and terminal 
methyl group rotation in isomers. The reduced moments of inertia are calculated based on 
the optimized geometries using the mass and radius of rotation for the rotational groups.20 
 
Notation 
Throughout this article, abbreviations utilized in molecule names are: “d” presents 
a double bond; “j” or “•” represents a radical site on the preceding carbon atom. 
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CHAPTER 3  
RESULT AND DISCUSSION 
3.1 Selection of Low Energy Conformer: Internal Rotor Potential Analysis 
Rotational conformer energies are calculated to determine the lowest energy conformation 
of each molecule and radical and to identify the barriers to torsional motion. The 
intramolecular torsional motion, an internal rotor contributes to entropy and heat capacity 
of the molecular and radical. Internal rotor potential energy curves are calculated and used 
to determine internal rotation barriers, symmetries (folds) and the lowest energy structures. 
The barriers and moments of inertial are used to determine the entropy and heat capacity 
contributions using the VIBIR program and the method of Pitzer and Gwinn. 
The B3LYP/6-31G(d,p) level of theory is used to determine the enthalpy as a 
function of the dihedral angles in each of the molecules and radicals. The torsion angles are 
scanned between 0o and 360o in steps of 14o, to determine the lowest energy geometries. If 
lower energy geometry is found, the new geometry is set and all dihedral scans repeated to 
ensure the lowest energy conformation.  
The resulting potential energy barriers for internal rotations in the stable parent and 
radical molecules are illustrated in Figures A.1-A.3. The geometries of the lowest energy 
structures are illustrated in Figure 3.1. The optimized Z-Matrix for parent unsaturated 
carbonyl alkene and radicals from CBS-QB3 level are listed in Table B.1. 
- All of the terminal methyl groups adjacent to vinyl group (CH3--CH=CH-) for 
parent unsaturated carbonyl alkene and radicals, exhibit three fold symmetry 
with energy barriers between 1 and 2 kcal/mol.  
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- All internal rotors between a carbonyl group and a secondary carbon 
(CHO--CH2-) for parent molecules and radicals exhibit three folds and barrier 
energies between 0.5-3 kcal/mol.  
- The fold number decrease from three to two symmetry folds, and the fold 
barrier energy for carbonyl increases to 8.5-9.5 kcal/mol when carbonyl 
adjacent to vinyl group (CHO--C=C-).  
- When the radical site is on carbonyl group, the barrier fold number for internal 
rotor between carbonyl group and secondary (C•O--CH2-) is two and the 
barrier energies are low at 1 to 2 kcal/mol. When radical site on secondary 
adjacent to carbonyl group, the internal rotor between radical site and vinyl 
group (CHO-C•--C=C-) have barriers over 10 kcal/mol; this is because of the 




   
CH2=CHCH=O                   C•H=CHCH=O                   CH2=C•CH=O  
   
CH2=CHC•=O              CH3CH=CHCH2CH=O (trans)   CH3CH=CHCH2CH=O (cis) 
         
        
   C•H2CH=CHCH2CH=O         CH3C•=CHCH2CH=O         CH3CH=C•CH2CH=O 
          
    CH3CH=CHC•HCH=O     CH3CH=CHCH2C•=O       CH2=CHCH2CH=O 
 
             
 C•H=CHCH2CH=O         CH2=C•CH2CH=O        CH2=CHC•HCH=O 
   
CH2=CHCH2C•=O  






3.2 Enthalpies of Formation 
Enthalpies of formation of the parent molecules have been determined using corresponding 
ΔHrxn298 from the calculated enthalpies of each species in each  of the isodesmic work 
reactions and calculated enthalpies of each species. ΔrxnHo298 are calculated at the 
B3LYP/6-31G(d,p), CBS-QB3 and M062X/6-31+G(d,p) level. 
Density Functional Theory (DFT), as noted earlier is considered to have relative 
very good accuracy for structure and moderate accuracy for structure.15 DFT performs a 
less accurate calculation of energies, because these calculations usually start with a 
molecule that have a closed shell of electrons and when the molecule breaks into two or 
more fragments that are open shell molecules (radicals). The energy difference between 
closed and open shell molecules is less well described in density functional theory methods, 
as a result of the difference in electron correlation in closed vs. open shell system.15 
Isodesmic reactions are implemented to cancel calculation error and achieve greater 
accuracy for the gas phase enthalpies of formation. These reactions are hypothetical 
reactions which incorporate similar bonding environments for both reactants and products 
that allows for cancellation of error associated with each method of analysis. Isodesmic 
reactions conserve the number and type of bonds on both sides of an equation. In the 
equation, two products and one reactant are reference molecules for which the 
thermodynamic properties known.   
∆rxnH°298 = Σ ∆Hf products – Σ ∆Hf reactants 
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The calculated enthalpy of each species in the hypo-theoretical work reaction is used to 
calculate the enthalpy of reaction, ∆rxnH°298, Literature values for enthalpies of formation 
of the three reference compounds are then used along with the calculated ∆rxnH°298 to 
obtain the enthalpies of formation on the target molecules.
16 Standard enthalpies of 
formation at 298.15 K of the reference species used in the reactions are shown in Table 3.1. 
Table 3.1 Standard Enthalpies of Formation at 298.15 K of References Species 
Species ΔfHº298 (kcal/mol) Source (Ref. No.) 
CH3CH3 -20.04 21 
CH3CH2CH3 -25.02 21 
CH3CHO -39.6 ± 0.1 7 
CH3CH2CHO -45.09 ± 0.18 22 
CH2=CHCH3 4.879 21 
CH2=CHCH2CH3 -0.15 ± 0.19 21 
CH3CH=CHCH3(trans) -1.5 ± 0.30 7 
CH3CH=CHCH3(cis) -2.7 ± 0.2 7 
CH3C(=O)CH3 -51.90 ± 0.12 21 
CH2=CH2 12.54 21 
C6H6 19.8 ± 0.2 21 
CH2=CH· 71.2 ± 0.2 7 
C•H=CHCH3 63.66 23 
CH2=CHCH=CH2 26.5 ± 0.9 21 
CH2=C•CH=CH2
a 75 24 
CH2=CHCH=C•H 85.4 25 
CH2=C•CH3 58.6 21 
CH2•CHO 4.4 ± 0.9 7 
CH3C•HCHO
b -5.7 ± 0.9 7 
CH3C•O -2.3 ± 0.1 7 
CH3CH2C•O -6.9 ± 0.9 7 
CH3CH2C(=O)CH3 -57.02 ± 0.20 21 
CH3C•HC(=O)CH3 -18.6 ± 0.4 19 
C•H=CHCH2CH3 59.3 ± 0.9 7 
C•H=CHCHO 44.4 ± 0.9 7 
a. Resonant forms are CH2=C•-C(-H)=CH2 & CH2=C=C(-H)-C•H2 




Each of the parent compounds is analyzed with five isodesmic work reactions.  
Each parent species contains one carbon – carbon double bond (olefin) group and an 
aldehyde carbonyl group. The species used in the work reactions for these parent species 
all incorporate an olefin and a carbonyl group in order to obtain error cancelation for the 
corresponding bonding of these groups. The agreement obtained between the different 
work reactions and the different species in the reactions lends support to accuracy of the 
calculation values. There is also very good agreement between the computational methods. 




Table 3.2 Isodesmic Reactions and Calculated ∆fH
o
298 at 298 K for Target Molecules 
Work Reactions 
Reaction Enthalpies 













cdccdo(ch2chcho)       
cdccdo + cc→ ccdo +cdcc 3.71 2.38 0.95 -18.67 -17.34 -15.91 
cdccdo +ccc→ccdo+ccdcc(cis) 0.74 0.10 -0.50 -17.15 -16.18 -15.58 
cdccdo +ccc →ccdo+ccdcc(trans) -1.18 -1.32 -1.73 -16.10 -15.96 -15.55 
cdccdo +ccc→ccdo+cdccc 2.63 1.52 1.22 -17.36 -16.25 -15.95 
cdccdo +ccc →cccdo+cdcc 4.29 3.05 1.62 -19.76 -18.52 -17.09 
Average    -17.81 -16.85 -16.02 
Standard Deviation    1.27 0.96 0.56 
cdcccdo(ch2chch2cho)       
cdcccdo+cc→cccdo+cdcc 1.24 0.85 -0.47 -21.69 -21.30 -19.98 
cdcccdo+cc →ccdoc+cdcc -6.79 -6.90 -8.89 -20.47 -20.36 -18.37 
cdcccdo+cc→ccdo+cdccc -0.42 -0.68 -0.87 -19.29 -19.03 -18.84 
cdcccdo+c6h6→y(c6h5)cdo+cdcc -5.89 -4.50 -5.76 -18.21 -19.62 -18.36 
cdcccdo+cdc→cdccdo+cdcc -5.48 -3.65 -5.31 -20.27 -21.99 -18.65 
Average    -20.43 -20.46 -18.84 
Standard Deviation    1.25 1.08 0.60 
ccdcccdo(ch3chchch2cho) trans       
ccdcccdo+cc→cccdo+cdccc 3.26 2.86 2.39 -28.46 -28.06 -27.59 
ccdcccdo+cc →ccdo+cdcccc 2.67 1,82 1.55 -27.80 -26.95 -26.68 
ccdcccdo+cc →ccdoc+cdccc -4.76 -4.89 -6.03 -27.25 -27.12 -25.98 
ccdcccdo+cc →cccdo+ccdcc(cis) 1.38 1.45 0.67 -27.93 -28.00 -27.22 
ccdcccdo+cc→cccdo+ccdcc(trans) -0.54 0.02 -0.57 -27.21 -27.77 -27.18 
Average    -27.73 -27.58 -26.93 
Standard Deviation    0.46 0.46 0.55 
ccdcccdo(ch3chchch2cho) cis       
ccdcccdo+cc→cccdo+cdccc 2.52 1.46 1.74 -27.72 -26.66 -26.94 
ccdcccdo+cc →ccdo+cdcccc 1.93 0.42 0.90 -27.06 -25.55 -26.03 
ccdcccdo+cc →ccdoc+cdccc -5.51 -6.28 -6.67 -26.50 -25.72 -25.34 
ccdcccdo+cc →cccdo+ccdcc(cis) 0.64 0.05 0.02 -27.19 -26.60 -26.57 
ccdcccdo+cc→cccdo+ccdcc(trans) -1.28 1.37 -1.22 -26.47 -26.38 -26.53 
Average    -26.99 -26.18 -26.28 
Standard Deviation    0.47 0.46 0.55 
ΔfHº298(cis) -ΔfHº298(trans)
a   ∆cis-trn 0.74 1.40 0.65 
∆Hrxn  for Cis = Trans     0.74 1.39 0.64 
Values are standard deviation of calculated values. They do not represent error limits. Error limits are larger 
a. from calculated enthalpies of reaction above. 
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The work reactions for the radical species are also chosen to have similar olefin, 
carbonyl and radical sites on both sides of the equations for error cancelation.  These also 
include the parent specie to the radical on the product side of the target reacting molecule.  
The calculated ∆Hrxn, the work reactions and the calculated enthalpies of 
formation of the target compounds are listed in Table 3.2. The average values in bold from 
CBS-QB3 are recommended. ΔfHº298
 for parent molecules are, cdccdo (CH2=CHCH=O), 
-16.85 kcal/mol, ccdcccdo trans (CH3CH=CHCH2CH=O), -27.58 kcal/mol, ccdcccdo cis 
(CH3CH=CHCH2CH=O), -26.18 kcal/mol, cdcccdo (CH2=CHCH2CH=O), -20.46 
kcal/mol. The trans conformation of CH3CH=CHCH2CH=O is more stable than cis form 
by 0.74 kcal/mol in B3LYP/6-31g(d,p) level, 1.39 kcal/mol in CBS-QB3 level, and 0.64 
kcal/mol in M062X/6-31+G(d,p) level.  
The different calculation method work reaction from CBS-QB3 show the lowest 
standard deviations and the CBS-QB3 method values are chosen as recommended. The 
minimum standard deviation for parent molecules is 0.46 kcal/mol, and the maximum 
standard deviation for parent molecules is 1.07 kcal/mol. The enthalpy of formation in 
CBS-QB3 level of cdccdo is in good agreement to the one calculated by Asatryan, da Silva 
and Bozzelli.4 The value from this study is -16.85 kcal/mol; the value from literature4 is 
-16.5 kcal/mol. The comparison is listed in Table 3.7. It is noted that these are standard 
deviations from the work reaction sets as a function of calculation method, they do not 
include error from the uncertainty of the reference specie in the reaction sets and they are 
not error limits. 
The enthalpies of formation of radicals are listed in Table 3.3. The data 
demonstrates good agreement for the ΔfHº298 values between the B3LYP/6-31g(d,p), 
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CBS-QB3 and M062X/6-31+G(d,p). Because CBS-QB3, is the highest level method in 
this study and has the lowest standard deviation; the values in bold from CBS-QB3 are 
recommended. ΔfHº298 for radicals are, cjdccdo, 42.91 kcal/mol, cdcjcdo, 43.87 kcal/mol, 
cdccjdo, 21.53 kcal/mol, cjcdcccdo, 7.49 kcal/mol, ccjdcccdo, 28.50 kcal/mol, ccdcjccdo, 
29.90 kcal/mol, ccdccjcdo, -1.83 kcal/mol, ccdcccjdo, 9.38 kcal/mol, cjdcccdo, 38.74 
kcal/mol, cdcjccdo, 35.83 kcal/mol, cdccjcdo, 5.93 kcal/mol, and cdcccjdo, 16.78 kcal/mol. 
In CBS-QB3 method, the minimum standard deviation of radicals is 0.07 kcal/mol, and the 






















cdccdo system       
cjdccdo       
cjdccdo+cdc→cdccdo+cdcj -1.21 -1.18 -1.18 42.06 42.99 43.82 
cjdccdo+cdcc →cdccdo+cjdcc -0.63 -0.71 -0.37 41.88 42.92 43.81 
cjdccdo+cdccc →cdccdo+cjdccc -0.22 -0.21 -0.16 41.86 42.81 43.59 
Average    41.93 42.91 43.61 
Standard Deviation    0.09 0.07 0.17 
Bond Energy    111.84 111.86 111.73 
cdcjcdo       
cdcjcdo+cdcc →cdccdo+cdcjc -6.35 -6.12 -5.27 42.54 43.27 43.25 
cdcjcdo+cdccdc →cdccd + cdcdccj -13.43 -11.99 -12.30 44.12 43.64 44.78 
cdcjcdo+cdccdc →cdccdo + cdccdcj 0.46 -0.89 -0.60 40.63 42.94 43.48 
cdcjcdo+ccdo →cdccdo+cjcdo -17.67 -17.15 -17.58 43.86 44.30 45.57 
cdcjcdo+cccdo →cdccdo+ccjcdo -24.66 -22.65 -23.78 46.24 45.19 47.15 
Average    43.38 43.87 44.85 
Standard Deviation    1.86 0.80 1.43 
Bond Energy    113.39 112.82 112.96 
cdccjdo       
cdccjdo+ccdo→cdccdo+ccjdo 0.71 -0.85 -0.85 18.78 21.30 22.13 
cdccjdo+cccdo→cdccdo+cccjdo 0.17 -1.15 -1.45 20.21 22.49 23.63 
cdccjdo+cccdoc→cdccdo+ccjcdoc 0.04 0.77 -0.11 20.57 20.80 22.51 
Average    19.86 21.53 22.76 
Standard Deviation    0.77 0.71 0.64 




Table 3.3 Isodesmic Work Reactions and Calculated Enthalpies of Formation at 298 K of 
Radicals (Continued) 
ccdcccdo system       
cjcdcccdo       
cjcdcccdo +cdc→ccdcccdo+cdcj 24.96 23.51 22.45 5.96 7.57 9.28 
cjcdcccdo+cdcc→ccdcccdo+cjdcc 25.54 23.98 23.27 5.79 7.50 8.87 
cjcdcccdo+cdccc→ccdcccdo+cjdccc 25.96 24.48 23.47 5.76 7.39 9.05 
Average    5.84 7.49 9.07 
Standard Deviation    0.09 0.07 0.17 
Bond Energy    85.67 87.17 88.09 
ccjdcccdo       
ccjdcccdo +cdc→ccdcccdo+cdcj 4.04 2.50 2.98 26.89 28.58 28.75 
ccjdcccdo +cdcc →ccdcccdo + cjdcc 4.62 2.97 3.03 26.71 28.51 29.10 
ccjdcccdo+cdccc → ccdcccdo + cjdccc 5.03 3.47 4.00 26.69 28.40 28.52 
Average    26.76 28.50 28.79 
Standard Deviation    0.09 0.07 0.24 
Bond Energy    106.59 108.18 107.82 
ccdcjccdo       
ccdcjccdo +cdcc→ccdcccdo+cdcjc -2.85 -2.88 -1.53 29.11 29.30 28.60 
ccdcjccdo +cdccdc→ccdcccdo+cdcdccj -9.92 -8.75 -8.56 30.69 29.67 30.13 
ccdcjccdo +cdccdc→ccdcccdo+cdccdcj 3.97 2.36 3.14 27.20 28.97 28.83 
ccdcjccdo+ccdo→ccdcccdo+cjcdo -14.16 -13.91 -13.84 30.43 30.33 30.92 
ccdcjccdo +cccdo →ccdcccdo +ccjcdo -21.16 -19.41 -20.04 32.81 31.22 32.50 
Average    30.05 29.90 30.20 
Standard Deviation    1.85 0.80 1.43 
Bond Energy    109.88 109.58 109.22 
ccdccjcdo       
ccdccjcdo +cdcc →ccdcccdo +cdcjc 31.69 28.85 29.73 -5.42 -2.43 -2.66 
ccdccjcdo +cdccdc →ccdcccdo+cdcdccj 24.61 22.98 22.70 -3.84 -2.06 -1.13 
ccdccjcdo +cdccdc  →ccdcccdo+cdccdcj 39.05 34.08 34.41 -7.88 -2.76 -2.43 
ccdccjcdo +ccdo→ccdcccdo+cjcdo 20.37 17.82 17.42 -4.10 -1.40 -0.35 
ccdccjcdo +cccdo→ccdcccdo+ccjcdo 13.38 12.32 11.22 -1.72 -0.51 1.24 
Average    -4.59 -1.83 -1.07 
Standard Deviation    2.02 0.80 1.43 
Bond Energy    75.24 77.85 77.96 
ccdcccjdo       
ccdcccjdo +ccdo→ccdcccdo+ccjdo 0.44 0.57 0.78 9.13 9.15 9.60 
ccdcccjdo +cccdo→ccdcccdo+cccjdo -0.10 0.27 0.17 10.56 10.34 11.09 
ccdcccjdo +cccdoc→ccdcccdo+ccjcdoc -0.23 2.19 1.52 10.92 8.65 9.97 
Average    10.20 9.38 10.22 
Standard Deviation    0.77 0.71 0.63 




Table 3.3 Isodesmic Work Reactions and Calculated Enthalpies of Formation at 298 K of 
Radicals (Continued) 
cdcccdo system       
cjdcccdo       
cjdcccdo +cdc→cdcccdo+cjdc -0.60 -0.66 -0.69 38.83 38.86 40.51 
cjdcccdo+cdccdo→cdcccdo+cjdccdo 0.61 0.52 0.49 38.70 38.78 40.30 
cjdcccdo+cdcc→cdcccdo+cjdcc -0.03 -0.19 0.12 38.65 38.79 40.10 
cjdcccdo+cdcc→cdcccdo+cdcjc -5.99 -4.96 -3.69 39.28 38.50 38.85 
Average    38.87 38.74 39.94 
Standard Deviation    0.25 0.14 0.65 
Bond Energy    111.40 111.29 110.88 
cdcjccdo       
cdcjccdo+cdc→cdcccdo+cjdc 3.37 2.25 2.24 34.86 35.96 37.58 
cdcjccdo+cdccdo→cdcccdo+cjdccdo 4.58 3.43 3.42 34.73 35.87 37.37 
cdcjccdo+cdcc→cdcccdo+cjdcc 3.95 2.72 3.05 34.68 35.88 37.17 
cdcjccdo+cdcc→cdcccdo+cdcjc -2.02 -2.06 -0.76 35.59 35.60 35.92 
Average    34.97 35.83 37.01 
Standard Deviation    0.37 0.14 2.14 
Bond Energy    107.50 108.39 107.95 
cdccjcdo       
cdccjcdo +cdc→cdcccdo+cjdc 35.13 32.14 30.99 3.10 6.06 8.83 
cdccjcdo+cdccdo→cdcccdo+cjdccdo 36.34 33.33 32.17 2.98 5.97 8.62 
cdccjcdo+cdcc→cdcccdo+cjdcc 35.70 32.62 31.80 2.92 5.98 8.42 
cdccjcdo+cdcc→cdcccdo+cdcjc 29.74 27.84 27.99 3.83 5.70 7.17 
Average    3.21 5.93 8.26 
Standard Deviation    0.36 0.14 0.65 
Bond Energy    75.74 78.49 79.20 
cdcccjdo       
cdcccjdo+cdc→cdcccdo+cjdc 21.53 21.29 20.74 16.70 16.91 19.08 
cdcccjdo+cdccdo→cdcccdo+cjdccdo 22.74 22.47 21.93 16.57 16.83 18.86 
cdcccjdo+cdcc→cdcccdo+cjdcc 22.11 21.76 21.56 16.52 16.84 18.66 
cdcccjdo+cdcc→cdcccdo+cdcjc 16.14 16.99 17.75 17.43 16.55 17.42 
Average    16.80 16.78 18.50 
Standard Deviation    0.37 0.14 0.64 





The enthalpy of formation in CBS-QB3 level determination for cdccjdo are in good 
agreement to the ones calculated by Rutz, da Silva and Bozzelli.5 The value from this study 
is 21.53 kcal/mol; the value from literature5 is 21.9 kcal/mol. Comparisons for 
thermochemical properties from this study and report by Rutz, da Silva and Bozzelli are list 
in Table 3.8. 
Compared the enthalpy of formation of 2-propenal and corresponding radicals 
calculated by Goldsmith, Magoon and Green, values calculated in M062X/6-31+G(d,p) 
level show agreement with the Goldsmith et al method7  where atomization method was 
used. The enthalpy of formation for cdccdo from this study is -16.02  kcal/mol at 
M062X/6-31+G(d,p)  level and -16.85 kcal/mol at CBS-QB3 level, the value from 
literature7 is -15.5 kcal/mol;  for cjdccdo, value from this study is 43.61  kcal/mol in 
M062X/6-31+G(d,p)  level and 42.91 kcal/mol in CBS-QB3 level, the value from 
literature7 is 44.4 kcal/mol; for cdcjcdo, value from this study is 44.85 kcal/mol in 
M062X/6-31+G(d,p)  level and 43.87 kcal/mol in CBS-QB3 level, the value from 
literature7 is 45.2 kcal/mol; for cdccjdo, value from this study is 22.76 kcal/mol in 
M062X/6-31+G(d,p)  level and 21.53 kcal/mol in CBS-QB3 level, the value from 
Goldsmith literature7 is 23.2 kcal/mol. Comparisons for thermochemical properties from 





3.3 Bond Enthalpies 
The calculated ΔfHº298 of the parent and of the radical species corresponding to loss of a 
hydrogen atom are used along with standard enthalpy of formation of 52.1 kcal/mol for the 
hydrogen atom.16 A bond cleavage reaction is used to calculate bond enthalpy. 
R—H → R• + H• 
Parent molecules bond enthalpies are computed from work reactions listed in Table 3.4 and 
corresponding data for radical is listed in Table 3.3.  C-H bond enthalpies from CBS-QB3 
and M062X/6-31+G(d,p) levels show excellent agreement. 
Analysis of the C-H bond of enthalpies for the unsaturated carbonyl in this study can be 
broken down into six bond types: (i) primary adjacent to vinyl, (ii) secondary adjacent to 
the carbonyl, (iii) primary vinyl, (iv) secondary vinyl, (v) secondary vinyl adjacent to 
carbonyl, (vi) carbonyl. Table 3.4 has a summary of these different bond classes for 
unsaturated carbonyl parent molecules.  
Table 3.4 Summary of C-H Bond Enthalpies from This Study 
Species Carbon- Hydrogen Bond Dissociation Classes (kcal/mol) 
Primary 
adjacent 










to Carbonyl  
Carbonyl  
cdccdo   111.8  113.1 90.4 
ccdcccdo 87.0 77.0 s 
+ allylic 
 107.5,109.6  89.4 
cdcccdo  77.81s  
+ allylic 
111.2 108.0  89.4 
References 88  110-112 102-111  87-89






The primary C-H bond adjacent to vinyl of C(-H)C=CCC=O has bond enthalpy 
87.0 kcal/mol, which is lower than the literature value, published by Luo17, by 
approximately 1 kcal/mol. The primary C-H bond enthalpy is 87 kcal/mol. There is a 14 
kcal/mol stabilization from resonance, compared to 101 kcal/mol primary C-H bond 
enthalpy, because the odd carbon electron conjugate to vinyl pi bond.  
The values for the secondary C-H bond enthalpies, adjacent to carbonyl group, are: 
77.0 kcal/mol for CC=CC(-H)C=O and 77.8 kcal/mol for C=CC(-H)C=O. Comparing this 
to a secondary C-H bond enthalpy (98.5 kcal/mol) for a normal alkane and 94.5 for a 
normal secondary adjacent to a ketone by Hudzik and Bozzelli.10 The high stabilization in 
allylic secondary C-H bond is due to resonance between the carbonyl group and secondary 
carbon. 
The primary vinyl C-H bond enthalpies for C(-H)=CC=O and C(-H)=CCC=O are 
111.8 kcal/mol and 111.2 kcal/mol, which are similar to 110-112 kcal/mol from literature 
values.17 The secondary vinyl C-H bond enthalpies for CC(-H)=CCC=O, CC=C(-H)CC=O 
and C=C(-H)CC=O are 107.5 kcal/mol, 109.6 kcal/mol and 108.0 kcal/mol respectively. 
Compared to literature value, the secondary vinyl C-H bond enthalpies for CC=CCC=O 
and C=CCC=O are in the range of 102-111 kcal/mol for the bond enthalpies from the 
literature value in Moussaoui and Mare’s report.19 
The enthalpy for C-H bond at the position of secondary vinyl, adjacent to carbonyl 
group, C=C(-H)C=O shows a very different trend; it is increased by ~ 5 kcal/mol to 113.1 
kcal/mol from a conventional secondary vinyl on an olefin, which we evaluate as being ~ 
108 kcal/mol. The carbonyl group is interpreted as drawing electrons from the vinyl group 
here. This increases the positive energy on the vinyl carbons which increase the C-H bond 
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energy. The C-H bond enthalpy of the primary vinyl of cdccdo is increased but only by 0.7 
kcal/mol from a normal primary, which we evaluate as being ~ 111 kcal/mol.  
The carbonyl C-H bond enthalpies for C=CC=O, CC=CCC=O and C=CCC=O are 
90.4 kcal/mol, 89.4 kcal/mol and 89.4 kcal/mol. There is a reported range of 87-89 
kcal/mol for C-H bond of enthalpies on aldehyde carbonyl group.13 The C-H bond enthalpy 
of aldehyde carbonyl in this study is the same as the carbonyl C-H bond strength in 
formaldehyde (87 ± 1 kcal/mol) indicating no extra stabilization energy as a result of the 
allylic group. The fact that different α substituents (CH2=CH, CH2=CHCH2, 
CH3CH=CHCH2) in aldehydes appears to have a small effect on the carbonyl C-H bond 
strength decreasing of about 2 kcal/mol.  
3.4 Entropy and Heat Capacity 
The entropy S° and heat capacity Cp(T)data for the parent molecules as a function of 
temperature are determined from the optimized structures, moments of inertia, vibrational 
frequencies, symmetries, electron degeneracy, mass of the molecules, number of optical 
isomers and internal rotor contributions.20 
Contributions of translation, vibration and external rotation to entropy and heat 
capacity for each parent molecule and radical are calculated using the SMCPS program 
with rigid-rotor-harmonic-oscillator approximation for vibration frequencies and vibration 
frequencies adjusted as recommended by Scott and Radom.14 The SMCPS program 
utilizes the rigid-harmonic oscillator approximation from the optimized structures obtained 
at B3LYP/6-31G (d,p) level.  
Internal rotor torsion frequencies are identified using visual inspection of the 
torsion frequency movement in GaussView and calculated rotor contributions are used to 
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replace the vibration torsion contribution. The lower frequency is selected, in case when 
identification of a frequency is uncertain due to coupling to other motions. As noted the 
torsion frequencies contributions are replaced with entropy and heat capacity contributions 
from “VIBIR” program for hindered rotor analysis. In this study, internal rotor barriers 
with energy below 6.5 kcal/mol are treated; internal rotors with barriers higher than 6.5 
kcal/mol are calculated as the torsion frequency contributions. Table 3.5 has a summary of 
the internal rotor torsion frequencies identified using GaussView. 
Table 3.5 Internal Rotor Torsion Frequencies, not Listed in SMCPS Input Files 
species Internal rotor torsion frequencies (cm-1) 
cdccdo cdc--cdo   
 172.78   
cjdccdo cjdc--cdo   
 165.99   
ccdcccdo c--cdcccdo ccdc--ccdo ccdcc--cdo 
 206.06 65.75 137.70 
cjcdcccdo cjcdc--ccdo cjcdcc--cdo  
 73.56 58.01  
ccjdcccdo c--cjdcccdo ccjdc--ccdo ccjdcc--cdo 
 129.46 54.63 139.68 
ccdcjccdo c--cdcjccdo ccdcj--ccdo ccdcjc--cdo 
 190.36 78.95 48.58 
ccdccjcdo c--cdccjcdo ccdc--cjcdo  
 155.36 255.03  
ccdcccjdo c--cdcccjdo ccdc--ccjdo ccdcc--cjdo 
 205.88 130.24 60.22 
cdcccdo cdc--ccdo cdcc--cdo  
 74.14 156,43  
cjdcccdo cjdc--ccdo cjdcc--cdo  
 74.24 156.36  
cdcjccdo cdcj--ccdo cdcjc--cdo  
 164.03 136.48  
cdccjcdo cdc--cjcdo   
 273.94   
cdcccjdo cdc--ccjdo cdcc--cjdo  





Heat capacities and entropies for parent unsaturated carbonyl alkenes and 
corresponding radicals from SMCPS and VIBIR are listed in Table 3.6 and Table B.2. 
Comparisons for thermochemical properties from this study and literatures are listed in 





Table 3.6 Comparison of Heat Capacities for Parent Species from SMCPS and VIBIR. 
Species Cp(T) (cal/mol/K) 
Method Rotors
T 300k 400k 500k 600k 800k 1000k 1500k 
cdccdo 
15.74 19.35 22.55 25.26 29.50 32.58  37.28 SMCPS 0 
15.90 19.53 22.78 25.55 29.85 32.91 37.33 SMCPS+VIBIR 1 
cjdccdo 
15.80 18.95 21.55 23.70 26.99 29.35 32.92 SMCPS 0 
15.98 19.18 21.85 24.05 27.34 29.60 32.79 SMCPS+VIBIR 1 
cdcjcdo 16.16 19.00 21.48 23.59 26.90 29.31 32.94 SMCPS 0 
cdccjdo 16.87 19.87 22.24 24.16 27.12 29.32 32.78 SMCPS 0 
ccdcccdo 
(trans) 
26.24 32.88 38.88 44.01 52.15 58.11 67.18 SMCPS 0 
26.00 31.85 37.31 42.11 49.82 55.55 64.40 SMCPS+VIBIR 3 
ccdcccdo 26.11 32.84 38.87 44,04 52.15 58.09 67.15 SMCPS 0 
(cis) 25.58 31.96 37.78 42.80 50.60 56.26 64.86 SMCPS+VIBIR 3 
cjcdcccdo 
25.73 32.26 37.86 42.53 49.68 54.81 62.71 SMCPS 0 
25.89 31.91 37.12 41.50 48.29 53.26 60.91 SMCPS+VIBIR 2 
ccjdcccdo 
26.21 32.21 37.57 42.18 49.42 54.73 62.76 SMCPS 0 
25.58 30.78 35.69 39.99 46.91 52.05 59.92 SMCPS+VIBIR 3 
ccdcjccdo 
26.16 32.15 37.52 42.12 49.35 54.64 62.68 SMCPS 0 
25.58 30.83 35.72 40.02 46.90 52.01 59.86 SMCPS+VIBIR 3 
ccdccjcdo 
25.56 31.79 37.33 42.05 49.35 54.64 62.64 SMCPS 0 
23.65 31.55 36.91 41.52 48.74 54.04 62.07 SMCPS+VIBIR 2 
ccdcccjdo 
25.99 32.05 37.43 42.02 49.20 54.46 62.51 SMCPS 0 
25.87 31.13 35.95 40.17 46.91 51.94 59.75 SMCPS+VIBIR 3 
cdcccdo 
20.87 26.16 30.82 34.77 40.93 45.42 52.26 SMCPS 0 
19.81 24.78 29.26 33.10 39.12 43.55 50.33 SMCPS+VIBIR 2 
cjdcccdo 
20.95 25.75 29.82 33.20 38.41 42.18 47.90 SMCPS 0 
20.66 24.90 28.62 31.79 36.76 40.42 46.01 SMCPS+VIBIR 2 
cdcjccdo 
21.06 25.71 29.70 33.07 38.31 42.12 47.89 SMCPS 0 
20.28 24.47 28.22 31.45 36.53 40.27 45.97 SMCPS+VIBIR 2 
cdccjcdo 
20.29 25.19 29.39 32.88 38.18 41.98 46.89 SMCPS 0 
18.57 25.38 29.57 33.06 38.41 42.28 48.10 SMCPS+VIBIR 1 
cdcccjdo 
20.60 25.30 29.35 32.74 37.97 41.77 47.59 SMCPS 0 





Table 3.7 Comparison of Thermochemical Properties of 2-Propenal from This Study and 
Literature Values by Asatryan, da Silva and Bozzelli4 












298 -16.5 -16.85a 21.9 16.47 66.72 68.17 
300   15.90 16.55 68.70 66.82 
400   19.53 20.28 73.59 72.11 
500   22.78 23.51 78.07 76.99 
600   25.55 26.19 82.29 81.52 
800   29.85 30.26 89.97 89.64 
1000   32.91 33.14 96.75 96.72 
1500   37.33 37.35 110.63 111.07 
a. Value calculated in CBS-QB3 method 
 
Table 3.8 Comparison of Thermochemical Properties of Radical cdccjdo from This Study 
and Literature Values by Rutz, da Silva and Bozzelli5 












298 21.9 21.53a   67.98 68.17a
300   15.53 16.87   
400   18.46 19.87   
500   21.03 22.24   
600   23.18 24.16   
800   26.50 27.12   
1000   28.92 29.32   
1500   32.62 32.78   




Table 3.9 Comparison of Thermochemical Properties of cdccdo and Corresponding 
Radicals from This Study and Reference Value by Goldsmith7 
























 65.3 70.01 67.3 70.00 70.3 68.17 67.9 
T(K) Cp (T)
300 15.90 16.9 15.98 16.2 16.16 16.3 16.87 15.6 
400 19.53 20.4 19.18 19.7 19.00 19.1 19.87 18.6 
500 22.78 23.5 21.85 22.7 21.48 21.6 22.24 21.2 
600 25.55 26.1 24.05 25.0 23.59 23.7 24.16 23.3 
700 29.85 30.1 27.34 28.3 26.90 27.0 27.12 26.6 
1000 32.91 33.0 29.60 30.4 29.31 29.4 29.32 29.1 
1500 37.33 37.3 32.79 33.2 32.94 33.0 32.78 32.7 
Units of ΔfHº298 in kcal/mol 
Units of Cp(T) and So298 in cal/mol/K 
a. Value calculated in M062X/6-31+G(d,p) method 




CHAPTER 4  
SUMMARY 
 
Thermochemical properties, including enthalpies of formation, entropy, heat capacity, and 
bond enthalpies are determined for the C3 to C5 unsaturated carbonyl alkenes and 
corresponding radicals. The enthalpies of formation of the target molecules, averaged over 
five isodesmic reactions for molecule C=CC=O, CC=CCC=O, and C=CCC=O are 
evaluated as 16.89, 27.41 and 19.91 kcal/mol respectively. There is good consistency with 
the B3LYP method for the enthalpies of formation between the CBS-QB3 
and M062X/6-31+G(d,p) levels of theory, with differences less than 0.71 kcal/mol for 
target molecules, and less than 1.73 kcal/mol for their corresponding radicals. The enthalpy 
of formation, entropy and heat capacity for 2-propenal and corresponding radicals are in 
satisfactory agreement with the limited literature data available. C-H Bond enthalpies of 
carbonyl in this study are in range of 89.4-90.4 kcal/mol, which are similar to carbonyl C-H 
bond strength in formaldehyde (87±1 kcal/mol) indicating no extra stabilization energy as 
a result of the allelic group. 
The bond enthalpy for the secondary C-H bonds, adjacent to carbonyl group, are 
quite low: 77.0 kcal/mol for CC=CC(-H)C=O and 77.8 kcal/mol for C=CC(-H)C=O. The 
C--H bond enthalpy at the position of secondary vinyl, adjacent to carbonyl group, 
C=C(-H)C=O shows a value of 113.1 kcal/mol, which is about 5 kcal/mol higher than a 
normal secondary vinyl C--H bond. The C-H bond enthalpy of the primary vinyl of cdccdo 
is increased but only by 0.7 kcal/mol. These bond enthalpies are different from that 

















Figure A.2 Potential Energy Profiles for Internal Rotations in ccdcccdo (trans), ccdcccdo 
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Figure A.3 Potential Energy Profiles for Internal Rotations in cdcccdo, cjdcccdo, 
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PARAMETER RESULTS SUMMARY 
Structure and thermo parameter results for parent molecules and radicals are provided in 
the following tables. 
 
Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 
CBS-QB3 Level 
Z-Matrix 



































































































Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 
CBS-QB3 Level (Continued) 





















































































































































Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 
CBS-QB3 Level (Continued) 

















































































































































Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 
CBS-QB3 Level (Continued) 



















































































































Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 










































































Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 
CBS-QB3 Level (Continued) 
internal coordinate 
cdccdo cjdccdo 
Charge =  0 Multiplicity = 1 










Charge =  0 Multiplicity = 2 










Charge =  0 Multiplicity = 2 








Charge =  0 Multiplicity = 2 









Redundant internal coordinates taken from 
checkpoint file: 
















Redundant internal coordinates taken from 
checkpoint file: 

















Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 
CBS-QB3 Level (Continued) 
ccjdcccdo ccdcjccdo 
Redundant internal coordinates taken from 
checkpoint file: 














Redundant internal coordinates taken from 
checkpoint file: 
















Redundant internal coordinates taken from 
checkpoint file: 















Redundant internal coordinates taken from 
checkpoint file: 

















Table B.1 Optimized Structure Coordinates for Parent Molecules and Radicals from 
CBS-QB3 Level (Continued) 
cdcccdo cjdcccdo 
Redundant internal coordinates taken from checkpoint 
file: 












Redundant internal coordinates taken from checkpoint 
file: 












Redundant internal coordinates taken from checkpoint 
file: 











Redundant internal coordinates taken from checkpoint 
file: 












Redundant internal coordinates taken from checkpoint 
file: 













Table B.2 Ideal Gas-phase Entropy So vs. Temperature 
T(K) 
cdccdo cjdccdo cdcjcdo cdccjdo 
SMCPS SMCPS+VIBIR SMCPS SMCPS+VIBIR SMCPS SMCPS 
50.00 47.23 54.44 48.30 55.51 48.99 48.40 
100.00 53.39 60.07 54.50 61.13 55.93 54.39 
150.00 57.56 63.66 58.68 64.72 60.52 58.61 
200.00 60.91 66.54 62.06 64.72 64.16 62.17 
250.00 63.86 66.24 65.03 67.52 67.29 65.36 
298.00 66.47 68.70 67.66 70.01 70.00 68.17 
400.00 71.60 73.59 72.75 74.87 75.15 73.57 
500.00 76.26 78.07 77.26 79.21 79.66 78.26 
600.00 80.61 82.29 81.38 83.21 83.76 82.48 
700.00 84.68 86.25 85.17 86.90 87.54 86.33 
800.00 88.48 89.97 88.67 90.32 91.02 89.85 
1000.00 95.41 96.75 94.95 96.45 97.29 96.15 
1500.00 109.60 110.63 107.61 108.72 109.94 108.76 
2000.00 120.69 121.40 117.35 118.10 119.69 118.46 
2500.00 129.68 130.10 125.21 125.62 127.55 126.29 
3000.00 137.23 137.36 131.77 131.89 134.12 132.84 
3500.00 143.70 143.58 137.39 137.25 139.74 138.45 
4000.00 149.36 149.02 142.30 141.92 144.66 143.35 




Table B.2 Ideal Gas-phase Entropy So vs. Temperature (Continued) 
 
T(K) 












50.00 50.03 66.14 54.74 53.09 55.27 66.94 51.20 66.12 
100.00 56.55 73.32 63.87 64.12 63.94 71.50 57.63 74.69 
150.00 61.23 79.28 70.44 66.871 70.10 77.11 62.37 80.84 
200.00 65.16 84.19 75.82 70.35 75.28 81.90 66.37 85.83 
250.00 68.76 88.49 80.61 73.55 79.95 86.24 70.01 90.14 
298.00 72.09 92.29 84.91 76.58 84.18 90.17 73.34 93.90 
400.00 79.02 99.86 93.52 83.18 92.66 98.05 80.16 101.26 
500.00 85.70 106.88 101.50 89.67 100.47 105.28 86.61 107.98 
600.00 92.17 113.56 109.04 95.99 107.78 112.07 92.78 114.32 
700.00 98.38 119.90 116.16 102.05 114.63 118.44 98.66 120.31 
800.00 104.29 125.91 122.86 107.82 121.04 124.41 104.24 125.95 
1000.00 115.26 137.00 135.15 118.50 132.69 133.10 114.53 136.32 
1500.00 138.32 160.17 160.61 141.09 156.58 155.50 136.00 157.87 
2000.00 156.62 178.50 180.62 159.13 175.22 173.03 152.94 174.84 
2500.00 171.59 193.49 196.91 173.96 190.36 187.30 166.76 188.68 
3000.00 184.17 206.09 210.58 186.46 203.04 199.27 178.37 200.29 
3500.00 195.00 216.92 222.33 197.24 213.92 209.55 188.34 210.27 
4000.00 204.49 226.41 232.61 206.69 223.45 218.55 197.08 219.01 
4500.00 212.92 234.85 241.74 215.09 231.90 226.54 204.83 226.76 
T(K) 










50.00 51.28 66.38 51.22 63.18 51.35 68.28 
100.00 57.84 74.99 58.61 71.22 57.95 74.55 
150.00 62.58 81.03 63.91 76.87 62.67 80.56 
200.00 66.57 85.95 68.32 81.58 66.63 85.50 
250.00 70.20 90.23 72.28 85.76 70.24 89.83 
298.00 73.53 93.99 75.87 89.49 73.54 93.63 
400.00 80.34 101.35 83.16 94.00 80.33 101.08 
500.00 86.78 108.09 90.00 101.17 86.75 107.88 
600.00 92.94 114.43 96.51 107.94 92.91 114.25 
700.00 98.81 120.41 102.69 114.33 98.76 120.26 
800.00 104.38 126.06 108.53 120.34 104.31 125.91 
1000.00 114.65 136.42 119.24 131.36 114.55 136.27 
1500.00 136.09 157.95 141.48 154.16 135.91 157.75 
2000.00 153.01 174.91 158.96 172.03 152.79 174.68 
2500.00 166.82 188.74 173.21 186.55 166.58 188.48 
3000.00 178.42 200.34 185.17 198.69 178.17 200.08 
3500.00 188.39 210.32 195.44 209.09 188.13 210.05 
4000.00 197.12 219.05 204.44 218.18 196.85 218.77 
4500.00 204.88 226.81 212.42 226.23 204.60 226.53 
 
45 
Table B.2 Ideal Gas-phase Entropy So vs. Temperature (Continued) 
T(K) 
















50.00 50.01 62.95 51.20 61.76 51.24 62.42 50.96 58.79 51.26 61.63 
100.00 55.90 69.52 57.09 68.98 57.30 70.01 57.54 65.37 57.18 68.94 
150.00 59.85 73.99 61.05 73.96 61.46 75.14 62.11 69.94 61.16 73.94 
200.00 63.12 77.61 64.35 77.96 64.90 79.14 65.88 73.70 64.45 77.95 
250.00 66.11 80.84 67.38 81.47 68.01 82.60 69.25 77.08 67.43 81.43 
298.00 68.87 83.76 70.16 84.56 70.84 85.63 72.30 80.13 70.16 84.48 
400.00 74.60 89.69 75.86 90.64 76.56 91.60 78.43 83.36 75.73 90.46 
500.00 80.07 95.25 81.17 96.15 81.85 97.01 84.09 89.25 80.94 95.88 
600.00 85.32 100.56 86.19 101.29 86.85 102.08 89.41 94.78 85.87 100.94 
700.00 90.32 105.60 90.91 106.08 91.55 106.83 94.40 99.93 90.52 105.67 
800.00 95.06 110.37 95.34 110.57 95.98 111.27 99.07 104.76 94.89 110.10 
1000.00 103.80 119.14 103.45 118.73 104.06 119.40 107.58 113.54 102.90 118.17 
1500.00 122.05 137.42 120.14 135.49 120.75 136.12 125.01 131.51 119.45 134.79 
2000.00 136.46 151.84 133.21 148.58 133.82 149.20 138.61 145.49 132.45 147.80 
2500.00 148.23 163.61 143.84 159.21 144.44 159.83 149.66 156.78 143.03 158.40 
3000.00 158.11 173.50 152.74 168.12 153.35 168.74 158.91 166.21 151.91 167.28 
3500.00 166.61 182.00 160.39 175.77 161.00 176.39 166.86 174.27 159.54 174.92 
4000.00 174.05 189.44 167.08 182.46 167.69 183.08 173.80 181.30 166.22 181.60 
4500.00 180.66 196.05 173.02 188.40 173.63 189.02 179.97 187.53 172.15 187.53 




Table B.3 Summary of Enthalpy of Formation, Entropy and Heat Capacity for Parent 
Molecules and Corresponding Radicals 
SPECIES ΔfH
o So Cp 
T(K) 298 298 300 400 500 600 800 1000 1500 
cdcdo -16.85 68.70 15.90 19.53 22.78 25.55 29.85 32.91 37.33 
cjdcdo 42.91 70.01 15.98 19.18 21.85 24.05 27.34 29.60 32.79 
cdcjcdo 43.87 70.00 16.16 19.00 21.48 23.59 26.90 29.31 32.94 
cdccjdo 21.53 68.17 16.87 19.87 22.24 24.16 27.12 29.32 32.78 
ccdcccdo trans -27.58 92.29 26.00 31.85 37.31 42.11 49.82 55.55 64.40 
ccdcccdo cis -26.28 76.58 25.58 31.96 37.78 42.80 50.60 56.26 64.86 
cjcdcccdo 7.49 90.17 25.89 31.91 37.12 41.5 48.29 53.26 60.91 
ccjdcccdo 28.5 93.90 25.58 30.78 35.69 39.99 46.91 52.05 59.92 
ccdcjccdo 29.9 93.99 25.58 30.83 35.72 40.02 46.90 52.01 59.86 
ccdccjcdo -1.83 89.49 23.65 31.55 36.91 41.52 48.74 54.04 62.07 
ccdcccjdo 9.38 93.63 25.87 31.13 35.95 40.17 46.91 51.94 59.75 
cdcccdo -20.46 83.76 19.81 24.78 29.26 33.10 39.12 43.55 50.33 
cjdcccdo 38.74 84.56 20.66 24.90 28.62 31.79 36.76 40.42 46.01 
cdcjccdo 35.83 85.63 20.28 24.47 28.22 31.45 36.53 40.27 45.97 
cdccjcdo 5.93 80.13 18.57 25.38 29.57 33.06 38.41 42.28 48.10 
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